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By pumping nonresonantly a MoS2 monolayer at 13 K under a circularly polarized cw laser, we
observe exciton energy redshifts that break the degeneracy between B excitons with opposite spin.
The energy splitting increases monotonically with the laser power reaching as much as 18 meV, while
it diminishes with the temperature. The phenomenon can be explained theoretically by considering
simultaneously the bandgap renormalization which gives rise to the redshift and exciton-exciton
Coulomb exchange interaction which is responsible for the spin-dependent splitting. Our results
offer a simple scheme to control the valley degree of freedom in MoS2 monolayer and provide an
accessible method in investigating many-body exciton exciton interaction in such materials.
Transition metal dichalcogenides (TMDs) attracted
great attention recently because of their unique photonic
and optoelectronic properties [1–3]. When a bulk TMD
is thinned down to a monolayer (ML), it becomes a direct
bandgap material with gaps located at K and K ′ points
[4, 5] in the corners of the Brillouin zone. Owning to the
spin-orbit interactions, each valley is spin-split, resulting
in two distinct exciton resonances denoted as A and B
excitons [5, 6]. TMD excitons’ binding energy (about 0.5
eV) is much larger than that of GaAs (10 meV), with a
smaller Bohr radius aB (1 nm vs. 10 nm), so that their
excitonic features are robust even at room temperature
[3], and providing a solid platform to investigate exciton
physics over a broad range of temperature and excitation
density [7–9]. Since the states in the K and K ′ valley
are related with each other by time-reversal symmetry,
the corresponding exciton energies of the same type from
different valley are degenerate [4, 10, 11]. In the inter-
est of engineering TMD based valleytronic devices, it is
desirable to lift the energy degeneracy to make use of
the valley degree of freedom [12]. In experiments, it has
been demonstrated that the exciton degeneracy can be
broken by an out-of-plane magnetic field up to 10 T [13–
19]. Such apparatus, however, might not be applicable
in the realistic applications.
Another experimentally accessible method to lift the
degeneracy is employing the optical Stark effect [20, 21].
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When a pulsed laser pump the TMD ML with energy
just below the exciton resonance, the hybridization be-
tween the equilibrium state and the photon-dressed state
will shift the exciton to a larger energy. By applying
a pulsed probe laser to measure the change of absorp-
tion/reflection spectra, the exciton energy degeneracy be-
tween different valleys is lifted if the pump laser is circu-
larly polarized [20, 21], which is supposedly equivalent to
a 60 T pseudomagnetic field for a 10 meV splitting. This
approach, however, not only requires high laser power
(GW/cm2) but also it is intrinsically transient, which can
only reveal a TMD ML’s dynamical properties within the
pump pulse duration. Therefore, an optically-tunable ex-
citon splitting scheme applicable to the equilibrium sce-
nario in the TMD ML is still missing.
In this work, we demonstrate experimentally that the
energy degeneracy of excitons of the same type of differ-
ent valley in a MoS2 ML can be broken by the spin-
dependent exciton-exciton interactions via a circularly
polarized cw pump at 13 K. The laser energy is 230meV
larger than the exciton resonance in MoS2 ML. The spin
splitting can be tuned from 0 to 18 meV under the pump
power of 0.3 MW/cm2. Theoretically, the splitting re-
sults from the disagreement of exciton-exciton interac-
tion between different valley which raises the exciton en-
ergies differently [22], on top of an overall band gap renor-
malization given by free carries [23, 24]. Our results of-
fer a new way to control the valley degree of freedom,
and could be directly applicable to TMD ML exciton-
polariton systems [25, 26].
Experiment. A piece of MoS2 ML is grown at 760 K by
the chemical vapor deposition (CVD) on a SiO2/Si sub-
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FIG. 1: Optical characterization of the sample. (a) AFM
mapping of the MoS2 ML, where the inset shows the thick-
ness of the sample is about 0.7 nm. (b) PL spectrum of the
MoS2 ML excited by a 532 nm laser at room temperature.
(c) Raman spectrum of the sample at room temperature.
strate. To protect the ML, a hBN layer with thickness of
around 10 nm is transferred on top of the sample, shown
in the atomic force microscopy (AFM) characterization
in Fig. 1(a). We measure the optical spectrum of the
MoS2 ML by a home-built confocal PL setup (see Sup-
plemental Material for more details) and obtain smooth
PL spectra originated from the recombination of A ex-
citons (1.865 eV) and B excitons (2.024 eV), as demon-
strated in Fig. 1(b). The energy difference between A
and B excitons of about 0.159 eV agrees with previous
measurements [27–30]. Fig. 1(c) shows the Raman spec-
trum measured at room temperature by a commercial
Raman microscope (WITec alfa 300), and the peak at
384.67 cm−1 confirms the good quality of the MoS2 ML.
To study exciton-exciton interactions, the sample is
cooled down to 13 K by a cryogen free cryostat (Janis).
We use a 532 nm laser (Spectra Physics) as the excitation
source. The laser can be adjusted from linear to circu-
lar (left-handed or right-handed) polarization by using
a quarter waveplate. The laser is focused on the sam-
ple through an objective with a spot of around 2 µm ,
and the emitted photons are collected by the same ob-
jective. A quarter waveplate, half waveplate and a linear
polarizer are combined to resolve the polarization of the
emitted PL from the sample. The polarization of photons
is calculated by P = (I+− I−)/(I+ + I−), where I+ and
I− denote the counts of the right-hand and left-handed
circularly polarization components.
At 13 K, the energies of A and B excitons are
blueshifted to 1.948 eV and 2.099 eV respectively, and
the trion peak appears at 1.911 eV [31] under the pump
density of 0.008MW/cm2, see Fig. 2(a). During the ex-
periment, a mechanical chopper with a duty circle of 5%
is used to reduce possible heating effect by the laser.
When the pump power is continuously increased, the
spectrum peaks corresponding to exciton energies shift
to lower values, i.e. redshifted, see Fig. 2(b). Similar
redshift of the exciton energy has been reported previ-
2.10
2.08
2.06
2.04
En
er
gy
(eV
)
0.300.200.10
Power density (MW/cm²)
60 nc(µm-2)
2.10
2.08
2.06
2.04
En
er
gy
(eV
)
0.300.200.10
Power density (MW/cm²)
60 nc(µm-2)
2.10
2.08
2.06
2.04
En
er
gy
(eV
)
0.300.200.10
Power density (MW/cm²)
60 nc(µm-2)
In
te
ns
ity
(a.
u.)
2.12.01.91.8
Energy(eV)
In
te
ns
ity
(a.
u.)
2.12.01.91.8
Energy(eV)
laser:σ+
@2.33eV
In
te
ns
ity
(a.
u.)
2.12.01.91.8
Energy(eV)
laser:σ−
@2.33eV
(a)
(c)
(e)
(b)
(d)
(f)
FIG. 2: The spectrum of the MoS2 monolayer as a function of
the pumping power. (a)(c)(e) Optical spectrum of the sample
pumping by a linearly polarized, right-handed circularly po-
larized, and left-handed circularly polarized laser respectively,
with density of 0.03MW/cm2 and 0.3MW/cm2. (b)(d)(f) PL
peaks (fitted B exciton energy) against the pumping power
density (bottom axis), with polarization matching the corre-
sponding spectra on the left columns. Red (blue) dots cor-
respond to B (B′) excitons. Solid curves are the theoretical
plots against nc (top axis) according to Eq. (3). Theory pa-
rameters can be found in [32].
ously in [9], where the anomalous blueshift and redshift
crossover was measured by a pump-probe spectroscopy
with a WS2 ML and it was interpreted phenomenologi-
cal by a Lennard-Jones potential between excitons [9]. In
our current experiment, we did not observe the redshift-
blueshift crossover.
Next we discuss the exciton energy changes with the
spin degree of freedom. Since the A exciton peak overlaps
with the trion peak [31] and it was demonstrated that the
valley polarization effect of B excitons is stronger than
3that of A excitons [30], here we focus on B excitons for the
spin-split effect and sometimes refer them simply as exci-
tons. Figure 2(c) shows the PL spectra of the MoS2 ML
pumping by a right-hand circularly polarized laser. The
non-zero left-hand polarized PL is presumably caused by
intervalley scattering [21], and the polarization P of B
excitons is about 30% in agreement with [30]. By ex-
amining the spectral peak positions of each polarization
component, we find an energy splitting about 18 meV
under the pump power of 0.3MW/cm2. The energy split-
ting is reversed when the pump switches to the opposite
polarization, see Fig. 2(e). In both cases, the energy of
the co-polarized component is always higher than that
of the cross-polarized component, in contract to the re-
sults of MoSe2/WSe2 heterostructures [33]. When the
pump laser is linearly polarized, the energy splitting be-
tween two circularly polarized components disappears,
see Fig. 2(a)(b).
The spin dependent energy splitting can be explained
by the exciton-exciton interaction originated from the
Coulomb interaction between electrons and holes. Sim-
ply speaking, the population imbalance between B ex-
citons in different valley gives rise to a different energy
correction because of the Coulomb interaction. Similar
splitting can also be found in conventional semiconductor
quantum well systems such as GaAs or InAs [22, 34–
37]. However, the spin splitting observed is created
under pulsed excitation and greatly reduced when the
laser is tuned far away from the exciton resonance [35].
Thanks to the spin valley locking mechanism, the laser
energy to induce the exciton splitting can be much larger
(230meV) than the exciton resonance in MoS2 ML, this
leaves greater flexibility for the laser choice to control the
valley degrees of freedom.
Compared with the optical Stark effect [20, 21] in the
TMDs ML, the exciton splitting can be manipulated un-
der much lower CW pumping density. In supplemen-
tal materials, we plot the exciton splitting as a function
of the pumping density. The exciton splitting reaches
18 meV at the pumping density of around 0.3MW/cm2,
around four orders of magnitude smaller than the optical
Stark effect [21]. In addition, we can tune the exciton
splitting from zero to 18meV continuously, which can-
not be realized in [33]. Thus, the interexcitonic exchange
interaction offers to tune the exciton splitting more effec-
tively and stably in MoS2 ML.In the following we develop
a theory to model the energy splitting of the MoS2 ML
under various pumping configurations.
Theory. The measured exciton PL peak energy EPL
corresponds to recombination of electrons in the conduc-
tion band with the bound holes in valence bands, which
can be written as EPL = Eg + (−EB), where Eg is
the bandgap and −EB is the exciton binding energy.
With increased carrier density, it has been shown that
the excessive free carriers will result in bandgap renor-
malization and screening of −EB [9]. First we look at
the bandgap renormalization. After taking the random
phase approximation and quasi-static approximation, the
energy reduction of the bandgap can be expressed as
[23, 24]:
∆Eg(nc) = Vs(kF )nc +
∑
q
[Vs(q)− V (q)] , (1)
where nc is the free carrier density (assuming ne = nh =
nc), kF = (2pinc)
1/2 is the 2D Fermi wave number,
V (q) = e2/(20q) is the unscreened 2D Coulomb po-
tential in SI unit with 0 the background permittivity,
and Vs(q, ω) = V (q)/ε(q, ω) is the screened Coulomb
potential. The screening effect can be simplified by the
plasmon-pole approximation: 1/ε = 1 + ω2pl/[(ω + iδ)
2 −
ω2q ], where ωpl(q) = [2pie
2ncq/(0mr)]
1/2 is the plasma
frequency with mr the reduced electron-hole mass, ω is
the light frequency, δ is a small number that shifts the
pole away from the real axis, ω2q = ω
2
pl(1+q/κ)+ν
2
q , and
ν2q = C[~q2/(4mr)]2; κ = 2pie
2
0
∑
e,h
∂nc
∂µe,h
is the screen-
ing wave number, with µe,h and nc related by the Fermi
function [24].
Next we look at screening and spin imbalance effects
on the exciton energy. The exciton binding energy will
reduce to −EB/ε2r because of screening [38], with εr rep-
resenting the increased dielectric constant. In the pres-
ence of valley degree of freedom, if we ignore the Coulomb
exchange between excitons from different valleys (equiva-
lent to setting the excitons’ center-of-mass momentum to
zero [39]), the meanfield first order exciton energy correc-
tion is: ∆Eσ ∝ EBnXσ [22], where nXσ is the excition den-
sity and σ = ± is the pump beam polarization (or exciton
valley) index. Under an incoherent cw pump, the values
of nXσ and nc are not directly measurable. Considering
that in forming an exciton one need to choose indepen-
dently an electron and a hole, and that ne = nh = nc, we
can assume nXσ ∼ n2c so that ∆Eσ ∼ n2c . Mathematically,
when nc is small (in units of a
2
B), the Maclaurin series
of nXσ reads: n
X
σ ≈ aσ + bσ nc + cσ n2c with aσ, bσ, cσ the
expansion coefficients. It can be rewritten in vertex form
nXσ = a
′
σ + b
′
σ(nc − c′σ)2. We redefine the shifted nc − c′σ
as nc [40] and treat b
′
σ as a fitting parameter denoted
as fσ. Finally, the sum of two nc-independent terms a
′
σ
and −1/ε2r is denoted as sσ, and we reach the screened
exciton energy:
∆EXσ (nc) = (sσ + fσ n
2
c)EB . (2)
Combining Eqs. (1) and (2), we can express the PL peak
energy for excitons from different valleys as:
Eσ(nc) = Eg + ∆Eg(nc) + (sσ + fσ n
2
c)EB , (3)
where sσ and fσ are fitting parameters corresponding
to the spin imbalance of the pump. Fig. 2 shows the
theoretical curves plotting along with experimental data,
4from where we can estimate the free carrier density nc ∼
109− 1010 cm−2 similar to that observed in a previous ex-
periment [9]. Note that if we extend the theoretical plot
of Eq. (3) beyond the current experimental range, the
PL peak will exhibit blueshift behavior when the energy
correction term fσ n
2
c surpasses the other terms. In this
case, the meanfield first order perturbation theory breaks
down and a more rigorous calculation would be required.
Nevertheless, based on the existing experimental data we
can see that the nonlinear dependence of nX on nc could
be responsible for the redshift-blueshift crossover, which
was previously explained by the Lennard-Jones type po-
tential in real space [9].
Our experimental results can be repeated in other
MoS2 samples using different fabrication techniques. In
the supplemental materials, we show the existence of the
spin splitting in a CVD grown MoS2 monolayer with-
out hBN capping and a mechanically exfoliated MoS2
monolayer. Although the exciton energy in there sam-
ples vary piece by piece, however, the spin splitting does
not change too much under the same pumping condition.
This roles out the possibility that the spin splitting re-
sults from the interaction with the capping hBN layer or
some defects in the growth process. In addition, the spin
splitting also exists in a MoS2 monolayer using a pure
silicon and hBN substrate (shown in the supplemental
materials), excluding the effect from the substrate.
With increasing the temperature, both the excitons
A and B will shift to lower energies. In Fig3, we re-
peat the measurements at different temperatures (15K,
50K, 100K, 150K, 200K, 250K and 300K). At higher tem-
perature, the circular polarization of the photolumines-
cence decreases due to the phonon assisted intervalley
scattering, in agreement of [30, 41–43]. Although the
spectra corresponding to the exciton B can keep the cir-
cular polarization even at room temperature (10%), The
spin splitting under the circularly polarized pumping ap-
proaches zero at around 200K, as shown in Fig3 (b)(d).
Conclusion. We show experimentally and theoretically
that spin dependent exciton exciton interaction under a
spin-biased pump can lead to exciton energy splitting be-
tween different valleys in a MoS2 ML. The spin splitting
can be tuned at much lower power density (MW/cm2)
approaching 18meV, which is much more effective com-
pared with the optical Stark effect. In addition, it does
not need external magnetic field or stacking different ma-
terials. The CW-pumping created spin splitting provides
a reliable way to explore the valley degree of freedom for
MoS2 ML and it is readily applicable to the investigation
of the spin dynamics of TMD exciton-polariton systems.
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FIG. 3: PL spectra of the MoS2 ML at different tempera-
tures. (a)(c) Optical spectra at 15 K and 300 K pumping by
a right- and left-handed circularly polarized laser respectively.
Power density: 0.03MW/cm2. (b)(d) Exciton energy against
temperature.
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